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Summary
Centrosome aberrations caused by misregulated cen-
trosome maturation result in defective spindle and
genomic instability. Here we report that the fission
yeast homolog of the human transcription factor EAP30,
Dot2, negatively regulates meiotic spindle pole body
(SPB, the yeast equivalent of centrosome) maturation.
dot2 mutants show excess electron-dense material ac-
cumulating near SPBs, which we refer to as aberrant
microtubule organization centers (AMtOCs). These
AMtOCs assemble multipolar spindles, leading to
chromosome missegregation. SPB aberrations were
associated with elevated levels of Pcp1, the fission
yeast ortholog of pericentrin/kentrin, and reducing
pcp1+ expression significantly suppressed AMtOCs
in dot2-439 cells. Our findings, therefore, uncover
meiosis-specific regulation of SPB maturation and
provide evidence that a member of the conserved
EAP30 family is required for maintenance of genome
stability through regulation of SPB maturation. EAP30
is part of a transcription factor complex associated
with acute myeloid leukemia, so these results may
have relevance to human cancer.
Introduction
The centrosome and its fungal equivalent, the spindle pole
body (SPB), organize bipolar spindle formation to ensure
faithful chromosome segregation. After centrosome du-
plication occurs at the G1-S boundary, centrosomes un-
dergo maturation at the G2/M transition, a process in
which centrosomes grow in size by incorporating addi-
tional pericentriolar material (PCM) components such
as pericentrin and γ-tubulin complexes (Doxsey et al.,
1994; Palazzo et al., 2000). Concomitantly, the microtu-
bule nucleation potential of centrosomes is dramati-
cally increased and centrosomes separate from each
other to direct spindle assembly.
Centrosome maturation is under strict regulation.
CDK1/cyclin, along with Aurora A, Polo, and the NIMA
family kinases, drives centrosome maturation and spin-
dle assembly (Blangy et al., 1995; Mayor et al., 1999;
Meraldi et al., 1999; 2002; 2004). Misregulation of cen-
trosome maturation, such as by deregulation of Aurora
A kinase activity and by engineered overexpression of
pericentrin on high-copy plasmids or under inducible
promoters, can result in centrosome amplification,
leading to defective spindle assembly, chromosome
missegregation, and genome instability (Meraldi et al.,*Correspondence: zcande@uclink4.berkeley.edu2004; Pihan et al., 2001). Such defects have been ob-
served in almost every human cancer surveyed and
contribute to cancer progression (Lingle et al., 1998;
Nigg, 2002; Pihan et al., 1998; Salisbury et al., 1999).
The SPB plays multiple essential roles in fission yeast
meiosis, including nuclear fusion, telomere clustering,
meiotic spindle assembly, and sporulation (Hagan and
Petersen, 2000). However, very little is known about
meiotic SPB maturation and its regulation. Meiosis is a
form of cellular differentiation leading to gamete forma-
tion. In the presence of nitrogen starvation and mating
pheromone, fission yeast cells exit mitotic cell cycle
and commit to sexual differentiation, leading to meiosis
and sporulation. During this process, the SPBs demon-
strate many unique behaviors and features. At the be-
ginning of sexual differentiation, two haploid SPBs fuse
into a single zygotic SPB. The zygotic SPB duplicates
and later undergoes two rounds of consecutive matura-
tion at meiosis I and meiosis II without an intervening S
phase. Unlike the mitotic SPB maturation, which takes
place at the onset of prophase, meiotic SPB maturation
does not occur at the beginning of meiotic prophase I
but is delayed until just before the first meiotic nuclear
division. This could be due to a prolonged meiotic pro-
phase I in which many processes unique to meiosis oc-
cur, including homologous chromosome pairing and
recombination. In addition, transcription of genes en-
coding SPB components such as Pcp1 and Sad1 is
dramatically upregulated during meiosis I and meiosis
II when compared with the relatively constant expres-
sion of these genes throughout the mitotic cell cycle
as indicated by microarray analysis of gene expression
during meiosis (Mata et al., 2002). Thus, a meiosis-spe-
cific control could exist for centrosome maturation.
Centrosome aberrations have been proposed to con-
tribute to tumor progression in human acute myeloid leu-
kemia (AML) (Neben et al., 2003). High-level expression
of genes encoding centrosomes-associated proteins
such as pericentrin and NUMA was found in these tu-
mors and correlated to centrosome aberration (Neben
et al., 2004). The human ELL oncogene is associated
with a subset of AML. ELL encodes a bifunctional tran-
scription factor (Shilatifard et al., 1996) and functions in
a complex (ELL complex) modulating RNA polymerase
II activity both at transcription initiation and subse-
quent elongation steps. The exact mechanism of ELL’s
contribution to AML is unknown. Its oncogenic function
is mainly based on the fusion of ELL (all but the first 45
amino acids) with MLL, a gene encoding a trithorax-
like protein that is required for maintenance of proper
expression of HOX genes during development (Cona-
way and Conaway, 1999). Deletion of the first 45 amino
acids of ELL abolishes the inhibitory function of ELL on
transcriptional initiation of RNA polymerase II and,
thus, could activate many genes that are targeted by
MLL and are important for development. EAP30, a sub-
unit of the ELL complex, interacts with the portion of
ELL that inhibits RNA polymerase II transcriptional initi-
ation and relieves its inhibition (Schmidt et al., 1999), sug-
gesting that EAP30 may play an important role in the
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wcellular function of EAP30 and its role in cell differentia-
tion have yet to be identified. h
aHere we report that the fission yeast homolog of hu-
man EAP30, Dot2, negatively regulates meiotic SPB E
dmaturation. dot2 mutants show excess electron-dense
material near the SPB, which is seen as oversized SPBs
and/or multiple SPB-like structures (AMtOC, aberrant D
microtubule organization center) by light microscopy. I
AMtOCs cause multipolar meiotic spindle assembly T
and, consequently, lead to chromosome missegrega- a
tion and genome instability. Abnormal SPB maturation p
is correlated with elevated Pcp1 protein level, but is not a
accompanied by DNA endoreplication. Overexpression r
of the pcp1+ gene in meiotic cells mimics the pheno- i
type of AMtOCs. Furthermore, replacement of the en- e
dogenous pcp1+ promoter by a “foreign” promoter sig- o
nificantly suppresses the AMtOCs, suggesting that c
Dot2 affects pcp1+ expression. Dot2 is also required for D
efficient entrance into premeiotic S phase. This is the a
first report that a member of the widely conserved but i
poorly characterized EAP30 family regulates MTOC M
maturation and is required for genome stability. We also d
propose the existence of a meiosis-specific regulation l
for SPB maturation in fission yeast and that Dot2 is the D
first protein identified in this regulatory pathway. d
p
SResults
g
rDot2 Is a Fission Yeast Homolog of EAP30, Which
mIs Widely Conserved during Evolution
We previously identified dot2+ in our screen for mutants
defective in bouquet formation and SPB integrity dur- D
ting premeiotic prophase (Jin et al., 2002). To gain in-
sight into the molecular nature of this gene, we cloned a
Tthe dot2+ gene by functional complementation. A single
copy of SPBC651.05c, an ORF, integrated at its endog- t
wenous chromosome locus, was able to rescue the mu-
tant phenotype of dot2-439, and the cells showed spor- p
Bulation comparable to the wild-type. Genetic mapping
demonstrated that the integrated SPBC651.05C is in- m
eseparable from the dot2-439 locus. Finally, sequence
analysis of the dot2-439 allele indicated that an amber t
amutation occurred at the first nucleotide of the codon
encoding glutamine 33 (cag to tag), resulting in a trun- (
scated protein. Thus, SPBC651.05c is the dot2+ gene.
The dot2+ gene encodes a 252 amino acid protein t
twith a predicted molecular weight of 28.6 kDa. Search-
ing the GenBank database, we found that the Dot2 has f
thomology to EAP30 proteins. Dot2 shares 34% identity
and 56% similarity with human EAP30 and 36% identity t
sand 57% similarity with budding yeast Snf8 (Figure 1A).
The extensive homology among human EAP30, bud- s
oding yeast SNF8, and fission yeast Dot2 sequences in-
dicates that Dot2 is the fission yeast EAP30. i
cEAP30-like proteins are found in a variety of organ-
isms including yeast, plant, and human. In mammals, f
mEAP30 is a subunit of the ELL complex, a RNA polymer-
ase II transcriptional factor (Schmidt et al., 1999).To ex- c
oamine how Dot2 is related to EAP30 proteins in other
species, we retrieved EAP30-like protein sequences of i
s14 species from GenBank and constructed phyloge-
netic trees. A tree constructed by the Neighbor Joining Method is given in Supplemental Figure S1 (available
ith this article online). Bootstrap support indicates
igh confidence in fungal EAP30s, metazoan EAP30s,
nd plant EAP30s grouping together, suggesting that
AP30s are highly conserved and that this gene pre-
ates divergence of fungi, metazoans, and plants.
ot2 Is Highly Expressed during Meiosis and Reaches
ts Maximum Just before Meiosis I
o gain insight into the timing of Dot2 function, we ex-
mined Dot2 expression in pat1-114-induced meiosis.
at1+ negatively regulates the initiation of meiosis, and
temperature-sensitive allele of this gene, pat1-114, is
outinely used to induce synchronized azygotic meiosis
n fission yeast cells. dot2+ was in vivo TAP tagged and
xpressed from its endogenous promoter. A low level
f Dot2 is present in vegetatively growing cells and in
ells undergoing nitrogen starvation (Figure 1B). The
ot2 level increased at 3 hr after temperature shifting
nd reached a maximum around 4 hr (Figure 1B). This
s the period when DNA replication is completed but
I and MII have not occurred. During meiotic nuclear
ivisions (5–6 hr after temperature shifting) and sporu-
ation (7 hr after meiosis was induced, data not shown),
ot2 was maintained at a high level (Figure 1B). Our
ata are in agreement with the dot2+ gene transcription
rofiling available in the S. pombe database at the
anger Center (Mata et al., 2002). The timing of dot2+
ene expression suggests that a high level of Dot2 is
equired around meiosis I and meiosis II, during which
aturation of the duplicated centrosome occurs.
ot2 Shows Distinct “Dot” Structures within
he Nucleus during Meiotic Prophase
nd Meiotic Nuclear Divisions
he conserved EAP30 domain of Dot2 suggests that
he protein is involved in gene transcription. To test
hether Dot2 is a nuclear protein, Dot2::GFP was ex-
ressed from its endogenous promoter on a plasmid.
oth in vegetative growing cells (data not shown) and
eiotic cells, Dot2 was present within the nucleus but
xcluded from the nucleolus (Figures 1C–1E). In addi-
ion to a general diffuse nucleoplasm signal, Dot2::GFP
lso formed distinctive foci during the horsetail stage
meiotic prophase) and the meiotic nuclear divisions. A
ingle Dot2::GFP spot was visible at the leading end of
he horsetail nucleus (Figure 1C). Its location appeared
o be fixed within the nucleus, about 1–1.5 m away
rom the SPB (n = 12) (Figure 1F). During MI and II, one
o three spots were normally seen at the periphery of
he nucleus (Figures 1D and 1E). To determine whether
ome of the foci may colocalize with the SPB, immuno-
taining of Sad1, an SPB component, was performed
n cells expressing Dot2::GFP from plasmids. As shown
n Figures 1F and 1G, the major Dot2::GFP foci are not
olocalized with the SPB. Since Mei2 is reported to
orm a “dot” structure during the horsetail stage (Shi-
ada et al., 2003), we next examined whether Dot2
ould colocalize with Mei2. Dot2::CFP was expressed
n a plasmid from its endogenous promoter in a strain
n which Mei2 is in vivo tagged by GFP. Confocal micro-
copy showed that Dot2::CFP is colocalized with
ei2::GFP (Figure 1H). Thus, the nucleus localization of
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65Figure 1. The dot2+ Gene Encodes a Fission
Yeast Homolog of Human EAP30
(A) Multiple sequence alignment of human
EAP30, Snf8p, and Dot2 shows extensive
homology. The exclamation points represent
identical amino acids among these se-
quences; stars correspond to similar amino
acids. Hs, Homo sapiens; Sc, Saccharomyces
cerevisiae; Sp, Saccharomyces pombe. The
arrow indicates that an amber mutation oc-
curred in E33, generating a truncated protein
with 32 amino acids in the dot2-439 mutant.
(B) Protein profiling of Dot2::TAP in synchro-
nized meiosis. The Dot2 protein level reaches
a maximal level at 4 hr after temperature
shift, a time when premeiotic prophase is oc-
curring. α-tubulin is used for the loading
control.
(C–E) Dot2 forms distinct dot structures in
meiotic cells. Localization of Dot2::GFP in
meiotic cells at the horsetail stage (C), the
one-nucleus stage (D), and the two-nuclei
stage (E).
(F and G) Major Dot2::GFP foci are not colo-
calized with the SPB. Double labeling of mei-
otic cells by Dot2::GFP and an antibody
against Sad1. Arrowheads point to Dot2::
GFP foci in the horsetail stage. Scale bar
equals 2 m. Green, Dot2::GFP; red, Sad1;
blue, DNA. The weak Dot2::GFP dot coloca-
lized with the SPB could be an artifact
caused by fixation, since we did not find it in
the living horsetail nucleus.
(H) Dot2 is colocalized with Mei2 during the
horsetail stage. Green, Mei2::GFP; red, Dot2::
CFP. Scale bar equals 2 m. Arrowheads in-
dicate the Dot2 structures.Dot2 is consistent with its putative role as a transcrip-
tion factor, and the colocalization of Dot2 with Mei2
during the horsetail stage raises a possibility that Dot2
is involved in Mei2-mediated transcriptional program-
ming of meiosis I.
SPB Aberrations Lead to Defective Spindle
and Chromosome Instability in dot2 Meiotic Cells
The coincidence of compromised SPB integrity, de-
fective spindle formation, and chromosome missegre-
gation in dot2-439 mutants suggested that chromo-
some missegregation was caused by malfunction of
these SPBs (Jin et al., 2002). To establish a direct link
between these events, we examined both the microtu-
bules (MT) and Pcp1::GFP pattern in dot2-439 cells by
immunostaining. GFP-tagged Pcp1, a SPB component
and an ortholog of human pericentrin/kentrin, was ex-
pressed from its endogenous promoter at the pcp1+ lo-
cus. In wild-type meiotic cells, the bipolar spindle was
organized by two SPBs (Figures 2A and 2D). In the
dot2-439 meiotic cells, multiple SPB-like structures in
nucleus and cytoplasm, referred to hereafter as aber-
rant microtubule organizing centers (AMtOCs), were
capable of organizing microtubules and assembling
multipolar spindles (Figures 2B and 2C) and/or multipleminispindles within one nucleus (Figure 2E). Oversized
SPBs, often accompanied with irregular shapes, are an-
other form of AMtOCs. They organized V-shaped mono-
polar spindles, presumably as a result of failed SPB
separation during maturation (Figure 2F). Thus, the SPB
aberration in dot2-439 cells leads to defective spindle
assembly and chromosome missegregation.
dot2 meiotic cells also showed multiple AMtOCs
and chromosome missegregation (data not shown), but
the phenotype was less severe than dot2-439 (Figure
2H). In dot2 cells, 32.7% of the cells (n = 120) had
more than two Pcp1 foci at the MI stage and >4
Pcp1::GFP foci at MII, while 54.1% of the dot2-439 cells
and only 2.4% of the wild-type cells show supernumer-
ary AMtOCs. The more severe phenotype of dot2-439,
when compared to that of the null allele, indicated that
dot2-439 might be a semidominant allele. This is con-
sistent with our observation that expression of the
dot2-439 allele in dot2 cells can enhance the AMtOC
phenotype (data not shown).
AMtOCs Contain Other SPB Components and Are
Functionally Similar to the SPB
The observation of AMtOCs nucleating MT indicates
that they are functional bodies behaving like the SPB.
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dles Leading to Chromosome Missegrega-
tion in dot2 Meiotic Cells
AMtOCs also contain Sad1 and Sid4, other
SPB components.
(A and D) SPBs represented by Pcp1::GFP
foci organized bipolar spindle formation in
wild-type cells during MI (A) and MII (D)
stages.
(B, C, E, F) AMtOCs organized aberrant spin-
dle formation in meiotic dot2-439 cells.
(G) AMtOCs nucleated multiple MT arrays in
a mutant meiotic cell at prophase II. Green,
Pcp1::GFP; red, MTs; blue, DNA. Scale bar
equals 2 m.
(H) Quantification of meiotic cells with super-
numerary Pcp1 foci in wt, dot2-439, and
dot2 mutant.
(I and J) AMtOCs contained other SPB com-
ponents, Sad1 and Sid4. Green, Pcp1::GFP;
red, Sad1 and Sid4::CFP; blue, DNA. Scale
bar equals 2 m.To examine whether AMtOCs contain other compo- o
bnents of the SPB, we used an antibody against Sad1
to immunostain the dot2-439 meiotic cells. All AMtOCs d
econtained Sad1, although the signal intensities of these
two foci were not always the same (Figure 2I). It is strik- m
ding that cytoplasmic AMtOCs contain Sad1, since Sad1
has a transmembrane domain and is normally associ- 1
Fated with the nuclear envelope. We confirmed this ob-
servation by examining cells expressing both Pcp1:: t
aGFP and a nuclear envelope GFP marker (see Supple-
mental Figure S2). We also examined the localization of d
tSid4, another SPB scaffold protein (Chang and Gould,
2000), in the dot2-439 cells. The Sid4::CFP foci were c
icolocalized with AMtOCs (Figure 2J).
We previously reported that mislocalized Sad1 foci a
were found in the dot2-439 meiotic cells during the I
horsetail stage and many of them colocalized with telo- a
meres as indicated by a telomere marker, Taz1::GFP t
(Jin et al., 2002). Thus, AMtOCs have many functions s
of the normal SPB, including microtubule organization, i
telomere clustering during the horsetail stage, and g
spindle formation during MI and MII. (
Like the SPB, the organization of microtubules by p
AMtOCs was under stage-specific regulation. In a mu- l
tant cell arrested at prophase II, both nuclear and cyto- T
plasmic AMtOCs nucleated microtubules (Figure 2G). t
However, in cells undergoing active nuclear divisions, t
only the nuclear AMtOCs nucleated MT (the cytoplas-
mic AMtOCs did not) (Figure 2E). Thus, AMtOCs not
Ponly behave like the SPB, but also their behaviors are
Munder the same regulation as the SPB.
T
PSPB Aberrations Are Due to Maturation Defects
eCentrosome aberrations in metazoan cells are dueeither to an increase in centrosome number caused byverduplication or to structural abnormalities caused
y accumulation of extra pericentriolar material (PCM)
uring maturation. To understand the nature of SPB ab-
rrations in dot2 cells, we examined dot2-439 pat1-114
eiotic cells by serial section electron microscopy. The
ot2 mutants behaved in the same manner in the pat1-
14 background as in zygotic meiosis (data not shown).
our meiotic cells were carefully examined and two of
hem showed aberrant SPBs. A dot2-439pat1-114 cell
t the beginning of meiosis I showed excessive electron-
ense materials accumulating and expanding above
he SPB (Figures 3A–3C). SPB fenestration partially oc-
urred as the nuclear membrane underneath the SPB
nvaginated, and a MT can be seen nucleated from an
morphous electron-dense structure next to the SPB.
n the mean time, cytoplasmic MTs were seen immedi-
tely adjacent to the amorphous electron-dense struc-
ure. Accumulation of electron-dense material was also
een in cells at late stages. In a dot2-439pat1-114 cell
n early meiosis II, extra electron-dense materials ag-
regated between the two nuclei and near the SPBs
Figures 3D–3G). Figure 3H shows the normal SPB in a
at1 meiotic cell for comparison. The presence of a
arge amount of electron-dense material revealed by
EM analysis in the dot2-439 cell strongly argues that
he SPB aberration is caused by misregulated matura-
ion instead of SPB overduplication.
cp1 Protein Level Is Elevated in dot2-439
eiotic Cells
he oversized SPBs and multiple AMtOCs marked by
cp1::GFP in dot2 mutant cells could be caused by an
levated level of Pcp1 protein. To test this hypothesis,we examined the Pcp1::GFP protein level in wild-type
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67Figure 3. Serial Section Electron Microscopy
of Two Meiotic dot2-439 Cells Showing Ab-
errant SPB Maturation
(A–C) Serial sections of a dot2-439 cell at the
early meiosis I.
(A) A section of low magnification shows the
nucleus and its associated SPB (*) with the
aberrant structure. NE, nuclear envelope.
Scale bar equals 400 nm.
(B) The high magnification of (A) showed lay-
ered structure of SPB (*) and the excess
electron-dense materials. MT, microtubule.
(C) High magnification of the next section af-
ter (B) shows the SPB and nuclear MTs nu-
cleated from the amorphous electron-dense material adjacent to the SPB. Scale bar equals 200 nm.
(D–G) Serial sections of a dot2-439 cell at the meiosis II stage. Four distinct SPBs indicated by numbers can be seen in the cell. Electron-
dense materials indicated by arrowheads accumulated between two nuclei and near SPBs. Scale bar equals 200 nm.
(H) The SPB (*) in a pat1-114 control meiotic cell. Note that the SPB is a layered structure without extra electron-dense materials. A total of
four mutant meiotic cells were examined, and two of them show aberrant SPB structure.and dot2-439 meiotic cells 24 hr after zygotic meiosis
was induced. Protein was also extracted from dot2-439
cells at 48 hr, since a portion of the population showed
delayed or prolonged meiosis. Western blot analysis in-
dicated that Pcp1::GFP in dot2-439 cells 24 and 48 hr
after inducing meiosis was significantly more abundant
than in dot2+ cells at 24 hr (Figure 4A). In addition, the
protein level of Pcp1::GFP in dot2 cells at 24 and 48 hr
after inducing meiosis was correlated with the severity
of SPB aberrations in these cells (data not shown). To
further support our hypothesis, we also examined mei-
otic cells where pcp1::GFP+ was overexpressed under
the inducible nmt1 promoter integrated at the pcp1+
locus (Flory et al., 2002). Multiple Pcp1 foci and over-
sized SPBs (Figures 4B and 4C), a phenotype similar to
that of dot2 mutants, were observed in these cells.
Thus, SPB aberrations in the dot2-439 meiotic cells
could be caused by elevated Pcp1 protein level.
Dot2 Affects pcp1+ Expression
Since Dot2 is the fission yeast homolog of human tran-
scription factor EAP30, it may regulate pcp1+ expres-
sion. Therefore, if we place the pcp1+ under a “foreign”
promoter whose expression is not regulated by Dot2, the promoter or the coding sequence of pcp1 during
Figure 4. Deregulated pcp1+ Expression
Contributes to SPB Aberrations in dot2 Mei-
otic Cells
(A–C) AMtOCs are associated with elevated
Pcp1 level (A), and overexpression of pcp1+
under the nmt1 promoter in meiotic cells can
mimic the SPB aberrations in dot2 meiotic
cells (B and C). The doublet α-tubulin band
in (A) was caused by partial degradation dur-
ing extraction. h− nmt1pcp1+::GFP cells grown
on YES plates were mated with h90 pcp1::
GFP cells on the SPA plates. Meiotic cells
showing multiple (B) or oversized (C) Pcp1
foci were examined by fluorescent micro-
scopy. Scale bar equals 2 m.
(D) Replacement of the endogenous pcp1+
promoter with a weak foreign promoter
(nmt81) can significantly suppress AMtOCs
in dot2-439 cells. Suppression of this foreign
promoter by thiamine further decreases the
number of cells showing AMtOCs. Cells were grown either on EMM2 or EMM2 with thiamine for 4 days. Meiotic cells were collected and
immunostained with Sad1 antibody, and cells with multiple AMtOCs wer
each group were examined.the phenotype of AMtOCs in dot2-439 cells should be
suppressed. To test this, we examined AMtOCs in dot2-
439 nmt81GFP::pcp1+ meiotic cells in which the endog-
enous promoter of pcp1+ is replaced by a weak thia-
mine-repressible promoter (Flory et al., 2002). Meiotic
cells treated with or without thiamine were immuno-
stained by the antibody against Sad1. We found that
the number of cells showing AMtOCs was significantly
reduced by w50% in non-thiamine-treated cells (the
expression of pcp1+ is not repressed) compared to the
dot2-439 cells. In thiamine-treated cells (the expression
of pcp1+ is repressed), the phenotype of AMtOCs was
further suppressed, with only 10% of cells showing
AMtOCs compared to the dot2-439 cells (Figure 4D).
Thus, Dot2 regulates the expression of pcp1+, and the
deregulated pcp1+ expression due to the loss of Dot2
normal function contributes significantly to SPB ab-
errations observed in dot2-439 cells. To determine
whether Dot2 directly regulates the pcp1+ transcription
by being physically associated with the promoter re-
gion, we performed chromatin immunoprecipitation as-
say (CHIP) on synchronized meiotic cells in which Dot2
is tagged by TAP. We found that Dot2 does not bind to
+e scored under the fluorescent microscope. At least 100 cells for
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snot shown). Therefore, Dot2 may indirectly regulate the
pcp1+ expression. (
o
sAMtOC Formation Is Independent of DNA
Replication in dot2 Meiotic Cells h
DMultiple AMtOCs and oversized SPBs in dot2 mutants
remarkably resemble centrosome amplification found in o
pmany human cancers. Centrosome amplification in
cancer cells is often associated with DNA endoreplica- h
ation—multiple rounds of DNA replication without nuclear
divisions (Pihan et al., 1998). To determine whether DNA t
aendoreplication occurs in dot2 cells, we performed flow
cytometry analyses on synchronized meiotic cells of d
tdot2 pat1-114. In our time course experiments, the
DNA replication in control pat1-114 cells occurred e
oaround 2 hr after the temperature shift, and all cells
have a 4N DNA content at 3 hr (Figures 5A and 5B). In s
cDdot2pat1-114 cells, DNA replication occurred at the
same time as the control. But only 65% of the cells had d
sa 4N DNA content at 3 hr; the rest of the cells were
arrested before meiotic S phase and had a 2N DNA m
vcontent (Figures 5C and 5D). In dot2-439 pat1-114
cells, DNA replication is delayed (around 3 hr after the p
temperature shift), and about 38% cell arrested before
meiotic S phase even at 7 hr after the temperature shift D
(data not shown). In both cases, no dot2 cells had more
than 4N DNA content, indicating that cells did not un- H
mdergo endoreduplication and thus that the appearance
of AMtOCs was independent of DNA replication. n
m
mDot2 Is Required for Efficient Entry
into Premeiotic S Phase m
TOur time course experiment demonstrated that a signif-
icant number of dot2 cells failed to go through premei- mFigure 5. DNA Replication in Ddot2pat1-114
Cells Proceeds with Similar Kinetics as in the
Control pat1-114 Cells, and a Subpopulation
of Ddot2pat1 Cells Cannot Go through the
Premeiotic S Phase
(A and B) Meiotic progression and flow cyto-
metry analysis of DNA replication in control
pat1-114 cells.
(C and D) Meiotic progression and flow cyto-
metry analysis of DNA replication in Ddot2
pat1-114 cells.tic S phase and are sterile. As G1 arrest is a prerequi-
ite for entry into meiosis with a normal reductional MI
Watanabe et al., 2001), we examined the DNA content
f nitrogen-starved dot2 cells by flow cytometry analy-
es. After incubation in nitrogen-free media for 14 to 16
r, only a minor fraction of pat1 cells (20.6%) had a 2N
NA content, consistent with an arrest of the majority
f cells at G1. In contrast, about twice as many Ddot2-
at1-114 cells (39.4%) and dot2-439pat1-114 (50.1%)
ad a 2N DNA content (Figure 6A), suggesting that their
rrest occurred at G2. Upon nitrogen starvation, wild-
ype cells normally undergo two rounds of cell division
nd then arrest in G1. We found that dot2pat1-114 cells
ivided on average only about one and half times in
he nitrogen-free media (Figure 6B). Thus, the inefficient
ntry into meiosis of dot2 cells could be due to a failure
f some cells to undergo a final mitosis upon nitrogen
tarvation. Consistent with the observation that dot2
ells cannot efficiently enter into meiosis, we found that
ot2 cells also are defective in entering into stationary
tage (see Supplemental Figure S3). The ability of many
utant strains to undergo meiosis upon nitrogen star-
ation is correlated with their ability to enter stationary
hase (Takeda et al., 1995).
iscussion
ere, we report that the fission yeast homolog of hu-
an EAP30, Dot2, is required for maintenance of ge-
ome stability by negatively regulating meiotic SPB
aturation. Dot2 is also required for efficient entry into
eiosis. Absence of dot2+ function leads to supernu-
erary AMtOCs and oversized SPBs in meiotic cells.
hese aberrant AMtOCs have many functions of a nor-
al SPB, and their aberrant number leads to multipolar
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into Meiosis in Ddot2pat1-114 Cells
(A) A higher portion of cells had 4N DNA
content in dot2pat1-114 than in control pat1-
114 after 14 hr nitrogen starvation.
(B) pat1-114 cells went through two rounds
of cell division under nitrogen starvation.
dot2pat1-114 cells went through an average
one and a half rounds of cell division under
the same condition. The y axis represents
times of change in cell density at the begin-
ning of nitrogen starvation versus the density
of cells after they have undergone nitrogen
starvation for 14 hr.spindle assembly and subsequent chromosome mis-
segregation. Coincidentally, Pcp1 protein level is also
elevated in these mutant cells, suggesting that deregu-
lation of Pcp1 expression contributes to the centro-
some aberrations. Further supporting evidence came
from our experiment that replacement of the endoge-
nous promoter of pcp1+ with a weak foreign promoter
significantly suppressed the AMtOCs in dot2-439 cells.
Without dot2+ during the early stages of the sexual dif-
ferentiation, many cells cannot enter into premeiotic S
phase due to the failure to undergo a final round of
mitosis upon nitrogen starvation. Our study provides
evidence that the in vivo function of fission yeast
EAP30 protein is required for the maintenance of ge-
nome stability by regulating SPB maturation and that
there is a meiosis-specific regulation of SPB matu-
ration. Since EAP30 proteins are widely conserved
among different species and their function is poorly
understood, analysis of Dot2’s function in fission yeast
should lead to a further understanding of EAP30’s roles
in human cell differentiation.
Dot2 Is Required to Block SPB Amplification
The multiple AMtOCs and oversized SPBs in dot2 mu-
tants are reminiscent of centrosome amplification in
many human cancer cells. Centrosome amplification,
frequently accompanied by centrosomal structural ir-
regularities, could arise from several distinct mecha-
nisms (Nigg, 2002): (1) reduplication of centrosomes
within one cell cycle; (2) aborted cytokinesis; (3) cell
fusion; or (4) deregulated expression of certain peri-
centriolar material (PCM) components, a form of mis-
regulated centrosome maturation. Several of these
mechanisms, including reduplication of the centrosome
during G2 and deregulation of PCM component expres-
sion, lead to centrosome amplification without corre-
sponding DNA replication, similar to what was ob-
served in the dot2 mutants.
Meiotic DNA replication in dot2 cells proceeds with
similar kinetics as in control cells, consistent with a
mechanism that AMtOCs in dot2 cells are formed byderegulation of one or more SPB components. The
most convincing evidence supporting this hypothesis
is from our serial EM analysis. Excess amorphous
electron-dense materials accumulated next to the SPB
and are associated with MTs, indicating that they are
the AMtOCS observed by light microscopy. Pcp1 is one
of the misregulated SPB components, as we observed
elevated Pcp1 protein levels in the dot2 mutant. Re-
placement of the endogenous promoter of pcp1+ with
a foreign weak promoter significantly suppressed the
AMtOC phenotype in dot2-439 by 56%. Repression of
this foreign promoter by thiamine further decreased the
AMtOC phenotype by another 25%. Therefore, deregu-
lated pcp1+ expression caused by loss of normal func-
tion of Dot2 contributed at least 50% of the SPB aber-
rations observed in dot2-439 cells. We propose that
Dot2 negatively regulates pcp1+ transcription to main-
tain a proper cellular concentration and, thus, prevents
aberrant SPB formation during maturation. However,
this transcriptional regulation is likely to be indirect
since our chromatin immunoprecipitation (ChIP) assay
showed that Dot2 does not bind to the promoter of
pcp1+.
Overexpression of pericentrin, the ortholog of Pcp1,
is found in many human cancers, including AML (Neben
et al., 2004; Salisbury et al., 1999). Engineered overex-
pression of Pcp1 and its budding yeast homolog,
SPC110, in mitotic cells under an inducible promoter or
high-copy plasmids also lead to the formation of multi-
ple AMtOCs, defective spindles, such as spindle frag-
ments and V-shaped spindles, and subsequently chro-
mosome missegregation (Flory et al., 2002; Kilmartin
and Goh, 1996; Salisbury et al., 1999; Sundberg et al.,
1996). We show here that engineered overexpression of
pcp1+ in meiotic cells under an inducible promoter
could artificially generate multiple AMtOCs and over-
sized SPBs. Thus, strict control of the cellular level of
Pcp1 is critical for normal meiotic SPB function.
It is notable that replacement of the endogenous pro-
moter of pcp1+ in the dot2-439 mutant does not fully
suppress the formation of AMtOCs and that the major-
ity of cells are still defective in sporulation. Thus, other
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70genes must be targeted by Dot2 that contribute to SPB
maturation during meiosis and subsequently during
spore formation. It will be our future work to identify
such genes.
Dot2 forms a distinct dot within the nucleus during
meiotic prophase (the horsetail stage) and the following
MI and MII stages. Our data indicated that the dot
structure in the horsetail stage is colocalized with Mei2,
a RNA binding protein associated with the active tran-
scribed Sme2 locus. Both Mei2 and Sme2 (encoding F
mei-RNA) are essential for the progression of MI, and D
the formation of the Mei2 dot in the nucleus is an indi- o
cator of the ability of the cell to perform meiosis I (Shi- p
cmada et al., 2003; Watanabe and Yamamoto, 1994). The
acolocalization of Dot2 and Mei2 raises the intriguing
Spossibility that Dot2 regulates SPB maturation in the
context of Mei2-meiRNA defined regulatory pathway, a
pathway which in itself is still not understood. s
d
A Special Regulation Is Required v
for Meiotic SPB Maturation? f
We have not found any SPB and spindle defects in dot2
mitotic cells. Then why is the function of dot2+ specific E
to meiosis? There are two possible explanations: one t
is that Dot2 may have a similar but redundant role in (
mitotic SPB maturation. The second is that prolonged t
meiotic prophase and the consecutive two rounds of a
SPB maturation during meiosis require a special mech- o
anism to regulate SPB maturation. In the mitotic cell a
cycle, SPB maturation occurs at the G2/M boundary. a
However, SPB maturation during meiosis occurs at the m
end of a prolonged meiotic prophase, just before meio- g
sis I and meiosis II. Thus, negative transcriptional regu- y
lation of genes encoding SPB components may be n
needed to prevent precocious SPB maturation. Also, o
the high level of transcription of SPB components dur- l
ing MI and MII may need to be quickly repressed to c
facilitate exit from meiosis and entrance into sporula-
tion. To further pursue the mechanism of meiosis-spe- t
cific SPB regulation, it will be important to determine m
whether Aurora A, Plo1, and NIMA kinases, which are f
required for SPB maturation and M progression in mito- h
sis, function differently in the meiotic cell cycle. It is q
likely that a meiosis-specific regulation of SPB/centro- s
some maturation is conserved in other eukaryotes. i
SNF8, the budding yeast homolog of EAP30, also c
showed meiotic defects, although a detailed pheno- l
typic analysis is not available (Yeghiayan et al., 1995). m
c
sThe Potential Role of Human EAP30
in Pathogenesis of Cancer c
cDot2 has extensive homology with human EAP30 and
other EAP30-like proteins (w35% identity), a group of
proteins conserved among widely divergent species. A
BThis suggests that EAP30 proteins perform a funda-
mental and universal function conserved in eukaryotes. t
dThe functions of Dot2 in facilitating efficient entry into
meiosis and in blocking SPB amplification and aberrant e
tspindle formation late in fission yeast meiosis suggests
that human EAP30 could contribute to the pathogene- t
psis of human leukemia mediated by ELL either through
its regulation of centrosome maturation or its regula- e
htion of cell differentiation, or by both mechanisms. Thetriking similarity between phenotypes of AML and
ot2 mutants—centrosome/SPB aberrations and ele-
ated pericentrin/Pcp1 expression—provides evidence
or such a possibility.
Mammalian EAP30 interacts with the N terminus of
LL and relieves its inhibition on the transcriptional ini-
iation of RNA polymerase II as shown in in vitro studies
Kamura et al., 2001; Schmidt et al., 1999). Transloca-
ions in AML generate a chimeric protein between ELL
nd MLL in which the first N-terminal 45 amino acids
f ELL is removed. Deletion of these amino acids could
ctivate many developmentally important genes that
re targeted by MLL, a trithorax-like protein. Thus, hu-
an EAP30 could potentially contribute to the patho-
enesis of AML mediated by ELL. Our data on fission
east EAP30 protein, Dot2, provides a possible mecha-
ism for EAP30’s role in tumorgenesis via the regulation
f centrosome maturation by controlling the expression
evel of key centrosomal components, such as peri-
entrin/kentrin.
The detailed molecular mechanisms leading to cen-
rosome aberration by loss of EAP30 may differ in hu-
an cancer and fission yeast cells and needs to be
urther investigated. For example, the fission yeast ELL
omolog has not been identified based on the se-
uence homology, although homologs of two other
ubunits of ELL complex, EAP45 and EAP20, exist both
n budding yeast and fission yeast. Therefore, Dot2
ould interact with a protein that is functionally equiva-
ent to ELL but does not have obvious sequence ho-
ology. By elucidating the role of Dot2 in regulating
entrosome maturation during meiosis, we may gain in-
ights into the mechanisms of genomic instability in
ancer, especially cancers associated with the ELL
omplex.
Model for Dot2 Function
ased on the above data, we propose that Dot2 is a
ranscription factor functioning in fission yeast sexual
ifferentiation (Figure 7). In early stages, it facilitates
xit from the last round of mitotic cell cycle in response
o nitrogen starvation and, thus, promotes efficient en-
ry into meiosis. Once cells go through premeiotic S
hase and enter meiotic prophase, it maintains proper
xpression of SPB components such as Pcp1 and in-
ibits their ectopic expression or overexpression.igure 7. A Model of Dot2 Functions in Fission Yeast Meiosis
ot2 is a transcription factor required for both early and late stages
f fission yeast sexual development. It facilitates efficient entry into
remeiotic S phase by arresting nitrogen-starved cells at the spe-
ialized G1, and then blocks centrosome aberrations by appropri-
te regulation of pcp1+ expression and/or other components of
PB during SPB maturation at MI and MII.
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stages of sexual differentiation. Since it does not have
an obvious DNA binding sequence, its functions are
likely to be fulfilled by interacting with other stage-spe-
cific and sequence-specific DNA binding factors within
the same protein complex. Like mammalian EAP30,
Dot2 presumably modulates RNA polymerase II activi-
ties in a promoter-specific way. Identification of Dot2
complexes not only will elucidate the molecular mecha-
nism underlying the regulation of meiotic SPB matura-
tion in fission yeast, but also may provide a general
model for understanding the functions of EAP30 protein
family members in other eukaryotes.
Experiment Procedures
S. pombe Strains, Media, and Culture Conditions
S. pombe strains used in this study are listed in Supplemental Table
S1. The dot2-439 strain was isolated previously as a mutant de-
fective in telomere clustering (Jin et al., 2002). MP5 and MFP19
strains harboring the Pcp1::GFP fusion gene at its endogenous lo-
cus were kindly provided by Dr. T. Davis (Flory et al., 2002). Com-
plete medium YES and minimum medium EMM2 with supplements
were routinely used for strain maintenance and vegetative growth
(Moreno et al., 1991). For induction of mating and meiosis, minimal
medium MSA (Egel et al., 1994) or EMM2 plates with supplements
were used. For sporulation, SPAS plates were used.
The Library, Plasmids, and Primers
A fission yeast genomic library, v1708, was used to transform dot2-
439 mutant cells (Li et al., 1997). Plasmids for rescuing the dot2-
439 mutant were made by deleting parts of a 7.5 kb genomic DNA
fragment on the pFY20 vector. The plasmid carrying the dot2+::GFP
fusion gene was constructed as follows: the DNA fragment having
the endogenous promoter and the coding sequence of dot2+
except the stop codon was amplified by PCR using primers
dot22893pst1 (5#-tctgcagcctacacttagtcactattg-3#) and dot24146Bgl II
(5#-tggatccgaaattttcgtataaaaacc-3#). The amplified fragment was
cloned into the Bgl II and Bam H1 sites of pREP1, from which the
nmt1 promoter was removed. Then, EGFP (Clontech, Palo Alto)
was PCR-amplified using primers GFPBamH1F (5#-tggatccggcac
catggtgagcaag-3#) and GFPBamH1R (5#-tggatccgttggtaatggtagc
gac-3#) and cloned into the BamH1 site. The correct in-frame orien-
tation of EGFP with the dot2+ ORF was determined by sequencing
(Elim Biopharmaceuticals, Hayward, CA). The Dot2::CFP plasmid
was constructed in a similar way. Primers used for amplifying and
sequencing the dot2-439 allele were dot2/3-4:2943U20 (5#-tatgacct
ccgattctattc-3#), dot2/3-4:3639L19 (5#-agaggctgtagagatattg-3#), dot2/
3-4:3465U18 (5#-agtcaatccagagtaatg-3#), dot2/3-4:3880L18 (5#-cgaag
tctgttatgctac-3#), dot2/3-4:3771U18 (5#-tcgaacaacgtcagtctc-3#), dot2/
3-4:3877U (5#-tgagtagcataacagacttc-3#), dot2/3-4:4240L (5#-cctcga
tcataaagattgtg-3#), and dot2/3-4:4088U (5#-acgtcgagagttgagatg-3#).
Cloning and Gene Disruption of dot2+
We cloned dot2+ gene by functional complementation. A fission
yeast genomic library, V1708, was transformed into dot2-439 cells.
Approximately 14,000 ura4+ colonies were screened for sporulation
using iodine staining. 40 colonies with positive iodine staining were
obtained and contained the same genomic DNA inserts corre-
sponding to nucleotides 4,921 to 12,480 of Cosmid c651 on
S. pombe chromosome II (GenBank Accession no. AL035570). By
further subcloning, an open reading frame, SPBC651.05c, was
found to be responsible for rescuing the mutant phenotype of dot2-
439. dot2+ was deleted by one-step gene replacement. About 1 kb
genomic sequences flanking both sides of the dot2+ gene were
amplified by PCR using primers NFdot24234U (5#-taagcttcaagcgca
caatctttatg-3#), NFdot25267L (5#-tctgcaggagggagtgtgtcggtctg-3#),
Cfdot22344U (5#-tgacgtcattccagagcatcgcatgag-3#), and Cfdot23474L
(5#-taagcttatcattactctggattgactc-3#), then ligated to the 5# and 3#
terminus of 1.8 Kb ura4+ gene on the pBluescript KS at the Hind III
sites. This w3.8 kb fragment was further amplified by PCR andtransformed into homothallic cells. ura4+ transformants were se-
lected and dot2+ deletion strains were verified by PCR and South-
ern blot hybridization.
In Vivo Tagging of the dot2+ Gene with Protein A
A portion of dot2+ C-terminal coding sequence (+175 to +816) was
amplified using primers dot2BamHI3535 (5#-ggatccatttcgaaata
catttgt-3#) and dot2PacI4166 (5#-ttaattaagaaattttcgtataaaaacc-3#).
This PCR fragment was cloned into the TA cloning vector, cut out
with BamHI and PacI, and cloned into pKW804 TAP tagging vector
to generate pdot2::TAPkanr plasmid. This plasmid was linerized at
the Stu1 site within the dot2+ sequence and transformed into h-leu1-
32 cells. TAP-tagged fusion protein was able to rescue the mutant
phenotype of dot2-439, indicating that it is fully functional.
Sequence Alignment and Generation of a Phylogenetic Tree
The Dot2 protein sequence was used to search the NCBI database.
Multiple sequence alignment was performed using Clustawl, ver-
sion 1.8. Gaps in the resulting alignments were removed by delet-
ing corresponding residues. The tree was generated by the Neigh-
bor Joining/UPGMA method using the PAUP program, version
4.0b10. Bootstrap values in percent of 1000 replications are indi-
cated on the unrooted phylogram.
Meiotic Time Course Experiments
Synchronized meiosis of h-/h- pat1-114 and its derived strains was
induced at 34°C according to the protocol described by Borgne
(Borgne et al., 2002). After temperature shift, cells were collected
every hour and fixed in 70% ice-cold ethanol for flow cytometry
analysis or in methanol for microtubule immunostaining. For pro-
tein extraction, 5 × 108 cells were collected, washed in ddH2O, and
frozen in liquid nitrogen.
Transmission Electron Microscopy Analysis
The same protocol as described above was used to prepare mei-
otic cells for EM analysis. Briefly, after 14 hr nitrogen starvation, an
aliquot of cells was removed from the starvation media every hour
and cultured at 34°C to induce meiosis. After 8 hr, nine samples at
different stages of meiosis were harvested, high pressure frozen,
and embedded (McDonald, 1999). Serial 50 nm sections were made
using a Reichert Ultracut E (Reichert Jung, Vienna, Austria). Sec-
tions were placed on grids and stained with uranyl acetate and
lead citrate. Cells were observed and imaged on a JEOL (Peabody,
MA) 100 CX electron microscope operating at 80 kV at the Univer-
sity of California Berkeley Electron Microscope Laboratory.
Flow Cytometry Analysis
3–4 × 106 cells were collected and fixed in ice-cold 70% ethanol.
Cells were washed and digested in 0.1 mg/ml RNase A in 50 mM
Na citrate for 2 hr, then stained with 2 M Styox green (Molecular
Probes, Portland, OR) for 2 hr prior to flow cytometry analysis. Flow
cytometry was performed using a Beckman-Coulter EPICS XL flow
cytometer. Data was analyzed by FlowJo (TreeStar, Inc., Ashland,
OR).
Immunofluorescent Microscopy and Imaging of GFP
and CFP in Living Cells
Immunofluorescent microscopy and living cell imaging were per-
formed with a Delta Vision System (Applied Precision, Issaquah,
WA) as described before (Jin et al., 2002). Simultaneous imaging of
Mei2::GFP and Dot2::CFP in living cells was done with the confocal
microscope (ZEISS LSM 510 META) at the Imaging Center in Uni-
versity of California at Berkeley.
Protein Extraction and Western Blotting
Native protein extraction was performed as described by Moreno
et al. (1991). Protein was quantified by the Bradford method (Bio-
Rad, Hercules, CA). Equal amount of total protein for each sample
was loaded, resolved by SDS-PAGE on 10%–12% acryamide gels,
and transferred onto a PVDF membrane (Millipore, Bedford, MA).
Membranes were probed with a mouse anti-GFP antibody (Roche
Cat.1 814 460; 1:1000) to detect the Pcp1::GFP and with the mouse
PAP (Sigma P-2026; 1:2000) to detect Dot2::TAP. An antibody
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tprotein loading.
L
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